Minor group human rhinoviruses (HRVs) attach to members of the low-density lipoprotein receptor family and are internalized via receptor-mediated endocytosis. The attachment of HRV2 to the cell surface, the first step in infection, was characterized at the singlemolecule level by atomic force spectroscopy. Sequential binding of multiple receptors was evident from recordings of characteristic quantized force spectra, which suggests that multiple receptors bound to the virus in a timely manner. Unbinding forces required to detach the virus from the cell membrane increased within a time frame of several hundred milliseconds. The number of receptors involved in virus binding was determined, and estimates for on-rate, off-rate, and equilibrium binding constant of the interaction between HRV2 and plasma membrane-anchored receptors were obtained.
H
uman rhinoviruses (HRVs), members of the Picornaviridae family, are the most frequent cause of colds. Their icosahedral capsid (30 nm in diameter) is built from 60 copies each of 4 viral proteins VP1, VP2, VP3, and VP4 that surround the RNA genome. Of the 99 so far characterized serotypes, 12 (the minor receptor group) bind low-density lipoprotein receptor (LDLR), very-LDLR (VLDLR), and LDLR-related protein (LRP) (1, 2) . This receptor family functions in endocytosis and signal transduction recognizing a variety of ligands (3) . LDLR and VLDLR possess 5 domains (4), including an N-terminal ligand-binding domain composed of 7 (LDLR; L1-L7) and 8 (VLDLR; V1-V8) modules, a region similar to the EGFprecursor and a ␤-propeller with YWTD motifs that is implicated in low pH-induced release of the ligands in endosomes (5) . Adjacent to the plasma membrane is a domain carrying O-linked oligosaccharides followed by the transmembrane anchor and the carboxyl terminus carrying a NPXY clathrin localization signal. The ligand binding modules are Ϸ40 amino acid residues in length. They are stabilized by a Ca ion and 6 highly conserved cysteines forming disulfide bridges (6) . Differences in the types and numbers of repeats allow for recognition of a large variety of structurally and functionally diverse ligands.
For infection, HRV2 attaches to LDLR and/or LRP at the cell membrane. It can be released with EDTA immediately after attachment to the cell but within some minutes becomes tightly bound and not dissociable (7) . This finding was taken to indicate either recruitment of multiple receptors, thus enforcing an initial bond with a single receptor, and/or engulfment within membranes as the virus enters in clathrin coated vesicles (8) . Subsequently, it presumably dissociates from its receptors upon arrival in the mildly acidic milieu (pH 6.5-6.0) of early endosomes (9) ; finally, the virus is delivered to endosomal carrier vesicles and late endosomes from where its RNA genome is released into the cytosol.
Performing single-molecule force spectroscopy with an atomic force microscope (AFM), we demonstrate a time-dependent transition of single to multiple virus receptor bonds. By conducting many sequential measurements, our single-molecule force trajectories provide dynamic and statistical real-time information of the distribution of molecular receptor bonds to single virus particles.
Results
Anchoring Virus Particles to the AFM Tip. For force spectroscopy experiments, single molecules are frequently bound to the AFM tip by flexible poly(ethylene glycol) (PEG) linkers (10) . Recently, a heterobifunctional cross-linker (aldehyde-PEG-NHS) that couples native proteins via their endogenous lysine residues to AFM tips was synthesized in our laboratory at the University of Linz (11, 12) . With this method, virions were flexibly tethered to the AFM tip. Fig. 1A shows a sketch of the stepwise protocol used for covalent virus immobilization on amino-functionalized tips. Topographical AFM images of the lower side of the cantilever were acquired to visualize the virus particles on the cantilever chip surface. A dense packing of virus particles with Ϸ570 virions⅐m Ϫ2 was obtained (Fig. 1B) , and single virus particles with 30-nm diameter were resolved (Fig. 1C) . Assuming a tip radius of 20 nm, this density corresponds to 1 single virus particle on the tip apex, confirming that single particle measurements can be indeed performed. To show that the virus particles were covalently bound via the PEG cross-linker, the aldehyde groups of PEG were inactivated before addition of HRV2, resulting in a significantly reduced density of virus particles (Ϸ100 virions⅐m Ϫ2 ; data not shown).
Single Virus-Receptor Force Measurements. First, virus-receptor interactions were studied in vitro, using surface-tethered VLDLR1-8 (a soluble native-like recombinant VLDLR fragment encompassing the entire ligand binding domain fused to maltose binding protein (MBP) at the N terminus and to His 6 at the C terminus), which binds with higher affinity to HRV2 than recombinant LDLR (13, 14) . Based on experiments with concatemers of V3 it is assumed that 1 virion can bind up to 12 receptor molecules (15) . Following the same protocol as for virus-tip attachment, a densely packed receptor layer was prepared on amino-functionalized mica. Force distance cycles were acquired by approaching the virus-modified tip to the receptormodified surface followed by its retraction. Interaction between virus and receptor was represented as a characteristic nonlinear force signal, arising from the elastic extension of the distensible PEG cross-linker ( Fig. 2A) . The characteristic shape of the cross-linker stretching allows distinguishing specific unbinding events from unspecific adhesion (10) . To prove that the measured force signals are indeed a consequence of the virus-receptor interaction, the receptor was inactivated by complexation of Ca 2ϩ . Within each ligand binding module a Ca ion is tightly coordinated and is essential for virus binding (16, 17) . Perfusion of the chamber with EGTA-containing buffer resulted in a drop of the binding probability from Ϸ10% to Ͻ1% (the binding probability is defined as the percentage of the curves displaying the characteristic nonlinear unbinding signal; see Fig.  2 A Inset). After back-addition of Ca 2ϩ , the binding probability returned to its original level, indicating that the receptor inactivation was reversible (data not shown).
In most cases, single virus-receptor unbinding events were observed with unitary unbinding force value of 82 Ϯ 14 pN at a retraction velocity of 300 nm⅐s Ϫ1 . Occasionally, force signals with multiple unbinding force values were observed; these are attributed to the rupture of the bonds between 2 and more receptor molecules and 1 virus particle. Two force distance profiles were observed: (i) a sequential rupture of the receptor-virus bonds (Fig. 2B) and (ii) a simultaneous rupture of all receptor-virus bonds (Fig. 2C) . The mode of rupture might depend on the binding geometry. The stepwise rupture profile was found only with a frequency of Ͻ10% (Fig. 2B) . In this mode, the AFM tip initially stretches both receptor tethers until one of the bonds breaks. The remaining slack in the second tether allows the applied force to drop, followed by a short region corresponding to the loading of the remaining tether, which finally results in the rupture of the second bond. However, in the majority of cases a single rupture event with a broad range of observed forces was found (Fig. 2C) , which can be explained by taking into account that breaking the first bond leads to a redistribution of force among the remaining bonds, and the abrupt increase in the applied load reduces the bond lifetime to nanosecond levels (18) . Therefore, the remaining bonds rupture very shortly after the first one is broken and the finite bandwidth of the AFM (10 kHz) causes the multiple bond breakages to be registered as a single rupture event.
The specific force signals were used to determine rupture forces and their accuracy estimates of the HRV2/VLDLR1-8 interaction by calculating empirical probability density functions (PDFs) (19) (see Materials and Methods). PDFs are preferable to histograms, because the data are weighted by their reliability (i.e., standard deviation). Fig. 3A shows a PDF when tip and surface were in contact for 17 ms (encounter time). A characteristic force spectrum shows bimodal distribution with the main peak at 69 pN, and a second peak at 123 pN was obtained. The first and the second peak are interpreted as the simultaneous unbinding between 1 and 2 surface-immobilized receptors from a single tip-bound virus particle, respectively. Increasing the contact time, i.e., the time during which the virus resides close enough to the receptors for interaction, increases the probability of multiple receptor attachment. A multimodal force spectrum with main peaks at 149, 203, and 273 pN was observed at 31-ms encounter time (Fig. 3B) , corresponding to the simultaneous unbinding of 2, 3, and 4 receptor molecules from a single virus particle, respectively. The increase of the number of bonds with contact time is a clear indication that several single receptors sequentially bind to the virus.
Kinetic On-Rate Constant from Force Measurements. Assuming that the virus-receptor interaction can be approximated with pseudo first-order kinetics, estimation of the kinetic on-rate constant k on from single molecule unbinding force measurements requires the determination of the interaction time and the effective concentration c eff , for k on ϭ (c eff )
Ϫ1 (20) . The interaction time was calculated from the binding probability at different encounter times by using P ϭ A (1 Ϫ exp(Ϫ(t Ϫ t 0 )/)) (21), with t 0 being the lag time and A the maximum observable binding probability. A equals 1 if unbinding events are found in every force distance cycle (i.e., binding probability 1). A least-square fit resulted in ϭ 24 Ϯ 1 ms (Fig. 3C) effective volume V eff accessible for free equilibrium interaction (20) . V eff can be described as a sphere with radius r eff , with the latter being the sum of the equilibrium cross-linker length (3 nm) and the diameter of HRV2 (30 nm). Assuming 4 possible (compare Fig. 3B ) binding partners k on can be estimated to 1 ϫ
Force Spectroscopy of Single Virus-Receptor Bonds. Because molecular interaction forces depend on the time scale of the measurements (22), we performed unbinding force experiments at different pulling speeds. For retraction velocities in the range between 150 and 3,000 nm⅐s Ϫ1 , the force values for the unbinding of single virus-receptor bonds (compare to first peak of Fig. 3A) were determined, and the peak maxima were plotted against the loading rate. The loading rate was calculated from the retraction velocity v times the effective spring constant k eff , where k eff is the slope of the force distance curve at rupture (23) . According to the theory that a single energy barrier is crossed in the thermally activated regime, a linear rise of the unbinding force with respect to a logarithmically increasing loading rate is expected (22, 24) . Indeed, such a dependency was seen in the force spectroscopy for the rupture of a single virus-receptor bond. From the plot in Fig.  4A , the separation of the energy barrier from the equilibrium position x ␤ and the kinetic off-rate constant k off can be determined by using Eq. 2 (see Materials and Methods) (22) . The values were x ␤ ϭ 0.40 Ϯ 0.16 nm and k off ϭ 0.05 Ϯ 0.15 s Ϫ1 . With the kinetic on-rate as determined above, the dissociation constant K D ϭ k off /k on was calculated to 24 nM.
Inverting the immobilization procedure of virus and receptor, i.e., binding a single receptor molecule to the tip and the virus to the surface, resulted in a configuration where only 1 receptor molecule can bind to the virus. Indeed, the resulting PDFs displayed only a single force peak, and no multiple unbinding force values were obtained. Force spectroscopy data acquired with this configuration were compared with the data above (Fig.  4A ). According to a t test, the 2 force spectroscopy curves were not significantly different within a 95% confidence level, indicating that the virus-receptor unbinding force is independent of the arrangement of the binding partners. The values for the separation of the energy barrier from the equilibrium position and the kinetic-off rate constant were determined to be 0.41 Ϯ 0.2 nm and 0.09 Ϯ 0.07 s Ϫ1 , respectively.
Rupture of Multiple Bonds. Analyzing the behavior of multiple bonds requires a careful consideration. Our experimental system represents a configuration for multiple-bond attachments, where load is shared between all of the bonds (''parallel attachment''). In addition to this connection architecture, rupture dynamics of multiple bonds depends on the failure mode. In the correlated mode all bonds are closely coupled, and failure of 1 bond implies failure of the rest of the bonds. In the uncorrelated system all attachments can fail independently, and the load force is redistributed among the surviving bonds. Because the long tethers used in this study do not cause close coupling, the analysis for uncorrelated failure was used (25) .
The uncorrelated failure mode implies no particular mechanical coupling between individual bonds. Williams (26) showed that the force-induced rupture of multiple uncorrelated bonds can be described as a Markovian sequence. The measured unbinding force, i.e., most probable rupture force, F* scales with the number of bonds, N B , and the measured loading rate, r f , as Dynamic force spectra of HRV2 interacting with MBP-V1-8 using the immobilization scheme shown in Fig. 1 (red triangles) , and the reversed scheme in which the receptor protein (MBP-V1-8) was bound to the tip and HRV2 was immobilized on the surface (dark red stars). The resulting fit using Eq. 2 is shown by the solid triangles (red line) with error boundaries (red dotted line) and by the stars (dark red line) with error boundaries (dark red dash-dotted line). (B) Average of instantaneous loading rate acquired for the different numbers of receptor bound to a virus particle. (C) The mean unbinding force from the fitted Gaussian versus the number of receptors bound. The experimental data (solid fill) can be reproduced with Eq 1 (densely striped bars), using the average loading rate determined for the respective number of bonds. The slight striped bars show the results of Eq. 1 using an uncorrected loading rate. (D) Dynamic force spectra of 1 (solid squares), 2 (empty squares), and 3 (solid circles) MBP-V1-8 molecules bound to HRV2. The results are very well represented by a Markov binding model (Eq. 1) for the double bond (green) and triple bond (blue) interaction using parameters derived from the single-barrier model fit (red). The error bars account for the uncertainty in the determination of the spring constant and the uncertainty in finding the most probable rupture force.
where x ␤ and k off are the corresponding parameters derived from a single bond analysis using Eq. A direct consequence of this relationship is that r f is a function of the number of bonds N B . Accordingly, proper loading rates were calculated for each number of bonds involved, resulting in higher loading rates for unbinding events with more receptors involved (Fig. 4B) .
The unbinding force as a function of the number of bonds is shown in Fig. 4C . At this particular retraction velocity of 300 nm⅐s Ϫ1 , up to 4 bonds were observed. Using Eq. 1 and the loading rates shown in Fig. 4B the observed unbinding forces could be well reproduced. The dependence of the loading rate on the number of bonds is important, otherwise the unbinding force would saturate with increasing number of attached receptor molecules (Fig. 4C ). Fig. 4D shows this analysis applied to a full force spectroscopy experiment for double and triple bonds. The single-bond interaction was fitted by using the single barrier model (Eq. 2). Using the acquired x ␤ and k off from this fit together with Eq. 1, dynamic force spectra for multiple bond interactions were calculated. A good agreement with the measured dynamic force spectra for double and triple bond interaction was found (Fig. 4C) .
Virus Binding to Living Cells. Finally, in vivo experiments with HRV2 immobilized on an AFM cantilever and cells grown in a tissue culture dish were performed (Fig. 5A ). In these experiments M4-LDLR cells were used. This line is an SV40 large-T antigen-immortalized mouse fibroblast line overexpressing human LDLR; the endogenous LDLR and LRP genes were disrupted (27, 28) .
In most cases, rupture forces of Ϸ22 pN at a retraction velocity of 1,500 nm⅐s Ϫ1 were found (Fig. 5B ). Occasionally events with higher force values were recorded (Fig. 5C ). Rare events with a stepwise rupture (Fig. 5D ) strongly indicate that these force values correspond to the unbinding of individual receptor molecules. Indeed, the spectrum of rupture forces showed a significant component of higher forces, which can be attributed to the virus being bound to multiple receptors (Fig. 6A) . Increasing the contact time leads to a redistribution of rupture forces to higher values (Fig. 6B ). This finding is taken to indicate that HRV2 was more often bound to multiple receptors. Perfusion of the chamber with an EGTA-containing medium resulted in a drop of the binding probability from Ϸ22% to Ϸ4%. The same binding probability was found in experiments with M4 cells, which were not transfected to overexpress human LDL receptor.
As above, the kinetic on rate constant k on can be estimated as (c eff )
Ϫ1 . The characteristic interaction time was found from fitting the binding probability as a function of the contact time to P ϭ A (1 Ϫ exp(Ϫ(t Ϫ t 0 )/)), leading to a characteristic interaction time of 220 ms. To estimate the effective concentration, the number of binding partners must be divided through the effective volume. Because the configuration of the tip did not change, the effective volume also is the same as above. In this experiment only force values corresponding to 2 bound receptors were found, therefore the number of binding partners was set to 2, yielding k on ϭ 2 ϫ 10 5 M Ϫ1 s Ϫ1 . Varying the pulling velocity v leads to a full force spectroscopy plot (Fig. 6D ) for 1 and 2 bound receptors. As above, the loading rate r n for n bound receptors was k eff,n v and k eff,n was the average slope at rupture for n receptors interacting with HRV2. k off to be 5 ϫ 10 Ϫ7 s Ϫ1 . The dissociation constant was determined to be K D ϭ k off /k on ϭ 2 pM. Using the parameters obtained by fitting the force spectroscopy plot of 1 bound receptor, together with Eq. 1, a theoretical dynamic force spectrum for 2 bound receptors was calculated. This theoretical expected spectrum agreed very well with the measured data (Fig. 6D) .
Discussion
We investigated the first step of viral infection, the attachment of a virus to a cell, with single-molecule force spectroscopy. Such single-molecule experiments offer several advantages. First, by conducting many sequential measurements they allow the distribution of molecular properties of inhomogeneous systems to be determined. Second, being direct records of the system's fluctuations, single-molecule trajectories provide dynamic and statistical information, which is often hidden in ensembleaveraged results. Finally, they permit real-time observation of rarely populated transients, which are difficult or impossible to capture with conventional methods (29) . In this particular study a HRV was immobilized to an AFM tip via a flexible polyethylene glycol linker, and the unbinding forces dominating virusreceptor interaction were measured, allowing counting for the number of receptor molecules interacting with the virus and estimation of kinetic rates.
As proof of principle we used a model system with VLDL receptors bound to a mica surface with the same chemistry as used to immobilize the virus to an AFM cantilever. This process resulted in a dense layer of receptors, able to freely rotate and diffuse within the volume defined by the length of the tether, allowing for multiple virus-receptor interactions. The distribution of rupture forces showed multimodal behavior corresponding to multiple virus-receptor interactions. Perfusion of the liquid cell with Ca 2ϩ -free buffer containing EGTA resulted in a drop of the binding probability. The same low binding probability was found in experiments with M4 cells, which were not transfected to overexpress human LDL receptor, verifying that the forces indeed arise from virus-receptor interactions.
With increasing contact time, the force spectrum changed. Higher rupture forces were measured, indicating binding of more receptors to the virus. Moreover, the binding probability increased with longer contact time. This behavior was modeled with a pseudo first-order kinetics, yielding the kinetic on-rate constant k on . In this particular case we found k on ϭ 1 ϫ 10 6 M Ϫ1 s Ϫ1 , which is very close to the 1.5 ϫ 10 6 M Ϫ1 s Ϫ1 as measured by surface plasmon resonance (SPR) (30) . Nevertheless, it should be kept in mind that knowledge of the effective volume, i.e., the effective radius, is critical for a correct determination of this value from the AFM data.
Varying the contact time of virus and receptor allowed calculating k on , and varying the retraction speed led to the value of the kinetic off-rate constant k off as determined from fitting the most probable rupture force for a single virus-receptor interaction as a function of the loading rate according to the single barrier model (Eq. 2), yielding k off Ϸ0.05 s Ϫ1 . In addition, the kinetic off-rate constant of the same virus-receptor interaction, this time in inverted configuration, i.e., receptor immobilized on the tip and virus on the surface, was determined. The 2 values were not significantly different. Knowing the kinetic rate constants, we found that the dissociation constant K D ϭ k off /k on was 24 nM.
Whereas the kinetic on-rate compared very favorably with the data obtained from SPR measurements, the k off derived from the AFM measurements were by Ϸ200 times higher as compared with those from SPR (30) . Consequently, the equilibrium binding constant was also 200 times higher. In AFM experiments the measured off-rate is governed by the prominent barriers traversed in the energy landscape along the force-driven bond-dissociation pathway. In this force-induced dissociation outer energy barriers can be suppressed, and for this case the off-rate is higher than in the thermal case (22) . In addition, it should be noted that SPR measurements have a well-known problematic of rebinding and equilibrium binding constants determined by SPR are at least 1 order of magnitude higher than equilibrium binding constant measured with fluorescence correlation spectroscopy (31, 32) .
In contrast to the binding parameters measured via methods such as SPR (30) , capillary electrophoresis (15), or fluorescence correlation spectroscopy (32) , the single-molecule experiments reported here are suited to investigate processes occurring at the cell surface during virus attachment.
Multiple virus-receptor interactions cannot be described with the single-barrier model. Instead, it can be considered as an uncorrelated Markov chain, but with the parameters determined from the fit of a single virus-receptor interaction to the singlebarrier model.
To address our main aim of characterizing the virus-receptor interaction during viral entry, forces governing virus attachment to the cell were investigated with force spectroscopy. HRV2 was immobilized to AFM tips and the native LDL receptors were anchored in the cell membrane. To increase the probability of virus-receptor contact we used a mouse fibroblast overexpressing human LDLR (27, 28, 33) . Like in our model system we found a bimodal behavior in the force spectrum of rupture forces, strongly suggesting that the virus binds to Ͼ1 receptor upon attaching to the plasma membrane. The multimodal behavior can be explained with an uncorrelated Markov chain, indicating lack of cooperativity between the individual receptors, which suggests that the process is only diffusion controlled with no additional driving force. Multiplereceptor binding characteristically occurred within 200 ms for this particular system, and it is possible that this time is much longer at lower receptor density. In a previous study, transition from weakly bound to tightly bound virus was found to happen after minutes (7), whereas our data suggest that after seconds several receptors are bound to the virus. This discrepancy might come from the different setups: in the first case the measurement of an ensemble compared with single-molecule measurements done here. Nevertheless, we cannot exclude that the transition represents an early stage of internalization rather than multiple binding of the receptors. However, it is unlikely that a virus particle becomes internalized without receptor clustering and when bound to only a single receptor molecule.
In addition, we estimated k on ϭ 2 ϫ 10 5 M Ϫ1 s Ϫ1 , k off ϭ 5 ϫ 10 Ϫ7 s Ϫ1 , and K D ϭ 2 pM. The value for k on is Ϸ1 order of magnitude lower than the on-rate constant obtained for VLDLR1-8, whereas the value for k off is many orders of magnitudes lower than the value obtained for VLDLR1-8. Consequently, the dissociation constant K D is also lower than that of VLDLR1-8. This finding contradicts data on in vitro interactions between LDLR and VLDLR fragments with HRV2, indicating much stronger binding of VLDLR. It is thus possible that the particular environment of the LDLR within the plasma membrane strongly increases its affinity for the virus. It is possible that the glycocalyx decreases the probability of encounter with LDLR but that other components of the plasma membrane help to keep the virus in place once it has bound to its receptor.
Materials and Methods
Tip Chemistry. Commercially available AFM cantilevers (Veeco Instruments) were amine-functionalized as described, by using the room temperature method for reaction with ethanolamine hydrochloride (34) . A heterobifunctional PEG linker (aldehyde-PEG-NHS) (12) was attached by incubating the tip for 2 h in 0.5 mL of chloroform containing 6.6 mg⅐mL Ϫ1 aldehyde-PEG-NHS and 0.5% triethylamine, resulting in acylation of surface-linked ethanolamine by the N-hydroxysuccinimide (NHS) group (Fig. 1 ). After rinsing with chloroform and drying, the tips were incubated in a mixture of 50 L of Ϸ0.05 mg⅐mL Ϫ1 HRV2 in HBS (10 mM Hepes, 150 mM NaCl, pH 7.4) and 2 L of 1 M NaCNBH3 (freshly prepared by dissolving 32 mg of solid NaCNBH3 in 500 L of 10 mM NaOH) for 50 min. Then, 5 L of 1 M ethanolamine hydrochloride (adjusted to pH 9.6 with 20% NaOH) was added and incubation was continued for 10 min to block unreacted aldehyde groups. The specificity of the coupling was checked by blocking the cantilever-bound PEG-aldehyde for 30 min with 50 L of 1 M ethanolamine (pH 9.6).
Surface Preparation. Soluble VLDLR fragments encompassing the entire ligand binding domain i.e., all 8 binding repeats fused to MBP at the N terminus and to His 6 at the C terminus (VLDLR1-8), were prepared as described (35) . They were attached to mica by using a protocol analogous to that described above. Freshly cleaved sheets of mica were amino-functionalized, and aldehyde-PEG-NHS was subsequently attached. The receptor was bound by incubating the derivatized mica sheet with 200 L of Ϸ0.2 mg⅐mL Ϫ1 VLDLR1-8 and 8 L of freshly prepared 1 M NaCNBH 3. Unreacted aldehyde groups were blocked with ethanolamine.
Force Measurements. All measurements were carried out in HBS with 2 mM CaCl 2 by using a PicoPlus (Molecular Imaging) AFM. Force distance cycles were performed at room temperature by using HRV2-coated tips with 0.01-0.03 Nm Ϫ1 nominal spring constants and mica-immobilized VLDLR1-8. By varying the maximum contact force, different contact times were achieved. The contact time was defined as the time the virus particle was close enough to the surface to allow for contacting a receptor. To exclude applied force/contact area effects the contact time was also varied by leaving the contact force constant and changing the retraction speed. Both methods showed similar results. The spring constants of the cantilevers were determined by using the thermal noise method (36, 37) . Empirical force distributions of the rupture forces of the last unbinding event (PDF) were calculated as described (19) . The PDFs were fitted with the equation taking the probability density property of the PDFs into account, where Ai is a prefactor, i is the position of the peak, and i is the width of the peak. These measurements were performed at 300-nm sweep range and 2-Hz sweep rate. For force spectroscopy a sweep range of 150 nm and sweep rate of 0.5-10 Hz was used, resulting in loading rates from 1,000 -24,000 pNs Ϫ1 . The loading rates were determined by multiplying the pulling velocity with the effective spring constant, i.e., the mean slope at rupture. In the single-barrier model (22) , the most probable rupture force F* is given as function of the loading rate F*ϭf ␤ lnͩ r k off f ␤ ͪ, [2] where the force f␤ is the ratio of the thermal energy kBT and x␤ with the latter marking the thermally averaged projection of the transition state along the direction of the force. The parameters x ␤ and koff were determined by fitting F* against ln r. The accuracy of the parameters was calculated by using propagation of errors (38) assuming that the standard error of F* is Ϸ15% (10% for the spring constant determination and 5% to account for the uncertainty in determining the most probable rupture force).
Cell Preparation. M4-LDLR cells (an SV40 large-T antigen-immortalized mouse fibroblast line overexpressing human LDLR) (25, 26) were grown in DMEM containing 1% glutamine, 1% penicillin-streptomycin, and 10% FCS in Petri dishes. For AFM measurements the growth medium was exchanged for HBS with 2 mM CaCl 2. All measurements were done at room temperature.
